Background: Micronutrient status may be a contributing factor to the development of childhood obesity in many
Introduction
Childhood obesity has become a major health concern in the United States with 12.5 million children and adolescents now classified as obese (1) . The prevalence of obesity has become substantially higher among Mexican American children relative to other racial/ethnic groups as the child-obesity epidemic has progressed (2, 3) . Studies that were based on the 1988-1994 and 2007-2008 NHANES information have reported that the obesity rate among Mexican American boys (aged 12-19 y) increased from 14.1% to 26.8% and among Mexican American girls from 13.4% to 17.4% (3). It is not entirely clear what biological, social, and behavioral factors are contributing to these trends, thus making it difficult to identify effective interventions.
A number of studies have reported an association between adiposity and both serum concentrations of vitamin B and intake of B vitamins among children. Gallistl et al. (4) , for example, in a cross-sectional study among children and adolescents reported that BMI (kg/m 2 ) and fat mass was inversely correlated with serum concentrations of folic acid. Pinhas-Hamiel et al. (5) reported low concentrations of vitamin B-12 among obese children and adolescents than children and adolescents with normal weight. A study in Greece by Hassapidou et al. (6) also reported that overweight and obese children had low intakes of niacin and folic acid even though their energy intake was lower than their nonoverweight counterparts. Further work is needed to determine whether these associations result from alterations in the physiology and metabolism of B vitamins because of increased fat mass or result from increases in adipogenesis among individuals with preexisting vitamin B deficiencies or vitamin B-deficient diets.
B vitamins play important roles in energy homeostasis, thermoregulation, and bio-energy metabolism (7, 8) . Deficiencies in biotin, niacin, folate, and vitamins B-6 and B-12 may affect energy metabolism, leading to increased production of reactive oxidants and increased inflammatory responses, and may also promote lipogenesis, leading to increased adiposity (9, 10) . However, systemic inflammation was also reported to be associated with reduced serum concentrations of vitamin B-6 (11) . In animal models, however, oral supplementation with folic acid was found to significantly modify expression of b-adrenoceptor expression that plays an important role in lipolysis in white and brown adipose tissues (12) . These findings suggest that B vitamin status may be a contributing factor in the development of greater adiposity among children.
Few studies to date have specifically examined the relation between body adiposity and vitamin B status or dietary intakes of B vitamins among populations of preadolescent and adolescent children who are experiencing rapid increases in overweight and obesity. Accordingly, the aim of this study was to assess the relation between adiposity and B vitamins by examining associations between body fat measures and both serum vitamin B biomarkers and reported dietary intake among Mexican American children who are now the most obese pediatric population in the United States (3). The simultaneous use of serum and dietary intake data to address these relations in a population with rapidly increasing obesity prevalence can provide a more complete understanding of how vitamin B status may be associated with body adiposity and obesity. Such an understanding can have important public health implications for managing obesity in a critical period of childhood and so contribute to efforts to reduce adult obesity and chronic disease.
Methods
Participants. The data on Mexican American children (aged 8-15 y) used in the analysis were collected in the NHANES 2001-2004 rounds that use a multistage stratified sampling design to select participants. Full descriptions of these 2 rounds of surveys are provided elsewhere (13) . Briefly, children 8-15 y of age who were identified as Mexican American in the NHANES 2001-2004 rounds were selected because of the importance of overweight and obesity in this age group in determining risk of adult obesity and chronic diseases. Data and blood samples were collected from these children through household visits and through clinical examinations within mobile examination centers (MECs) 6 .
Blood collection. The principle exposures in our study were serum concentrations of B vitamins and dietary intake of B vitamins. Both serum folate and vitamin B-12 were measured in venipuncture blood samples collected from children. Blood sample concentrations of these B vitamins were determined by using the Quantaphase II Folate/Vitamin B-12 radioassay kit (Bio-Rad Laboratories). Serum or whole blood hemolysate samples were combined with 125 I-folate and 57 Co-vitamin B-12 in a solution that contained dithiothreitol and cyanide. Detailed information on specimen collection, processing instructions, and laboratory methods are described in the NHANES Laboratory/Medical Technologists Procedures Manual (14) . Caregivers were interviewed about study participantsÕ age, sex, race/ ethnicity, physical activities, and family income. The poverty income ratio (PIR) was calculated by using family income. PIR is an index for the ratio of family income to poverty according to poverty guidelines from the U.S. Department of Health and Human Services. This ratio was then used to categorize families as below or above the poverty threshold from the U.S. Census Bureau.
During the household interview, survey participants were asked if they have taken a vitamin, mineral, herbal, or any other dietary supplement in the past 30 d. Dietary supplement use was coded as 0 for not using and 1 for using a supplement. Information was also collected on television/video viewing and computer use and combined into 1 variable with 2 categories: #2 h/d and >2 h/d. Interviews were conducted in the household for children aged 8-11 y and in the MECs for adolescents aged 12-15 y.
The NHANES body adiposity data derived from DXA measurements consist of 5 data sets of multiple imputed values for missing body adiposity measures. Information on DXA data collection is provided elsewhere (16) . Five rounds of multiple imputations (MIs) for missing nutrient value intakes and additional covariates were performed for this study to obtain nutrient intake data sets compatible with the 5 DXA data sets. These imputations were performed to obtain unbiased accurate estimates and to increase the sample size.
Analysis. The primary outcomes in this study were measures of body adiposity and obesity-included BMI as an indirect estimate of body adiposity and trunk fat mass (TrFM) and total body fat mass (TBFM) as direct measurements of total body fat and abdominal adiposity. As such, childrenÕs TrFM and TBFM measurements were assessed by using DXA. The DXA examination protocol is documented elsewhere (16) . ChildrenÕs BMI was calculated according to their height and weight measurements. Children were then classified according to age-and sex-specific BMI percentiles by using the CDC 2000 reference standard that was derived from growth charts from the National Center for Health Statistics. BMI categories were defined as normal weight <85th percentile, overweight $85th-95th percentile, and obese $95th percentile (17) .
Values for concentrations of serum folate and vitamin B-12 and of RBC folate and dietary nutrient intakes are presented as means 6 SEs derived from unweighted sample sizes. Comparisons of micronutrient concentration distributions and dietary nutrient intakes were made by sex and BMI categories with the use of linear regression with accommodating sample weight, with male sex and normal weight as the reference groups. Values for serum concentrations of B vitamins were found to be nonnormally distributed and so were log-transformed before inclusion in the analyses. The analyses results were then interpreted as a 1% increase in the B vitamin concentration variable increasing (or decreasing) the adiposity variable by (coefficient regression divided by 100) units. Estimated means of body adiposity variables were produced for all MI values. MEC examination sample weights were used to obtain estimates appropriately adjusted for survey nonresponse, sample selection, and noncoverage bias.
Associations between BMI and concentrations of serum folate and vitamin B-12 and of RBC folate were first determined by using linear regression; associations between these serum nutrient concentrations and both TrFM and TBFM were determined by using quantile regression analysis. Multinomial regression models were then used to predict the probabilities that children would be overweight and obese on the basis of their categorically distributed BMI, given their concentrations of serum folate and vitamin B-12 and of RBC folate. ORs were estimated in these models by using children classified as normal weight as the reference group. Concentrations of serum folate and vitamin B-12 and of RBC folate were included in each of these models after being logarithmically transformed to approximate normal distributions. Results were presented as regression coefficients (bs) and 95% CIs.
Age and sex were included in the models to control for body adiposity variation among girls and boys during childhood and adolescence (18) and to partially control for pubertal stage. PIR was also included in these models to control for variation in dietary patterns, nutrient intakes, and health outcomes that resulted from socioeconomic conditions (19) . Models were adjusted for serum concentrations of C-reactive protein (CRP) to control for low-grade inflammation associated with higher adiposity that affects micronutrient serum concentrations (20) . In addition, models were also adjusted for sedentary activities and total energy intake because of their independent effects on childhood and adolescent obesity (21) . Models assessing TrFM were also adjusted for total fat mass to control for total adiposity. In addition, stratified analyses were performed to determine whether any significant differences were found between sexes in associations between concentrations of serum folate and vitamin B-12 and of RBC folate and adiposity. The differences between sexes were assessed by comparing CIs for the coefficient regression from separate analyses. Nonoverlapping CIs indicated statistically significant differences between sexes at P < 0.05.
The same analytical approach was used to evaluate association between intake of B vitamins and measures of adiposity. Linear regression models were first used to evaluate the association between intake of B vitamins and BMI, followed by the development of quantile regression models to evaluate the relation between intake of B vitamins and TrFM and TBFM. As such, dietary intakes of thiamine (in mg), riboflavin (in mg), niacin (in mg), vitamin B-6 (in mg), folate as dietary folate equivalents (in mg), and vitamin B-12 (in mg) were included in these analyses as independent variables. Intake was included in the models as continuous variables to provide greater statistical power and to assess for nonlinearity (22) . These dietary intakes were energyadjusted by using the residuals from linear regression models with the nutrients as the dependent variable and total energy intake as the independent variable. This adjustment procedure reduced variation in intake because of differences in sex, age, metabolic efficiency, physical activity, thermogenic effects of foods, and measurement error (21) .
These regression models were developed by beginning with a standard base model in which the energy-adjusted nutrient intakes of primary interest and total energy intake were included as covariates, adjusted for age (in years) and sex. Total energy intake was included in these models because this intake is in a predictable range and it does not change physiologically (22) . Partially adjusted models were then developed which also included potential nondietary confounders such as household demographic factors (PIR), serum CRP, TBFM (in the models that assessed TrFM), and other covariates (physical activity, supplement use). Finally, fully adjusted models were developed which additionally included potential dietary confounders. PearsonÕs partial and semipartial correlation had previously been performed to identify associations between energy-adjusted nutrient intake of primary interest and other potential dietary confounders (data not shown). The analysis was performed by using the STATA version 11.0 statistical package program (Stata Corp LP) under the MI commands that accommodates survey design and sample weight. All P values were 2-tailed and results with P < 0.05 were considered statistically significant. Ethics. The procedures followed were in accordance with the ethical standards of NHANES on human experimentation, and approval was obtained from its institutional review board. Documented consent was obtained from all participants.
Results
MIs of missing values for all covariates resulted in 1154 children being included in the analysis. The total sample in the final analyses of outcome measures comprised 1131 children for BMI and 1121 children for TrFM and TBFM as measures of body adiposity. Characteristics of study participants are presented in Table 1 . The dependent variables of BMI were normally distributed, whereas TrFM and TBFM were not normally distributed and had a skewness of 1.66 and 1.50, respectively (Supplemental Table 1 ).
A linear increase was found in BMI (b: 2.62; 95% CI: 1.96, 3.28; P < 0.01), TrFM (b: 2.82; 95% CI: 2.13, 3.52; P < 0.01), and TBFM (b: 6.22; 95% CI: 4.96, 7.47; P < 0.01) with increased age, indicating that age was a significant predictor of adiposity. The prevalence of overweight was higher among boys (21.2%) than girls (19.7%), whereas ;26% of boys and 19% of girls were obese. These differences in overweight and obesity were significant (P < 0.05). No significant difference was found in overweight and obesity prevalence between PIR, age groups, or survey rounds (data not shown).
A low prevalence of deficiencies for RBC folate, vitamin B-12, and folate was found among the study children. The prevalence of RBC folate deficiency (RBC folate <102.6 mg/L) was 0.3% among children, whereas 89.3% had normal serum concentrations of vitamin B-12 (200 pg/mL < serum vitamin B-12 # 1600 pg/mL). Approximately 36% of these children had normal serum folate concentrations (2.6 ng/mL < serum folate # 12.2 mg/L), whereas 53.7% had above normal serum concentrations of folate (serum folate >12.2ng/mL; cutoff was based on NHANES laboratory guideline). Interestingly, higher mean concentrations of serum vitamin B-12 were observed among girls (P = 0.03) ( Table 2 ). Significant differences in the serum concentrations of vitamin B-12 were found between children classified as normal, overweight, or obese. Normal-weight children had higher mean serum concentrations of vitamin B-12 than did overweight and obese children (P < 0.01, respectively) ( Table 2 ). The distribution of residual energy-adjusted nutrients intakes by sex and across BMI categories is presented in Table 2 . Boys consumed more energy and protein on average than did girls. Significant difference in protein intake was observed among children within the different weight categories. Overweight and obese children consumed more protein than normal-weight children. Significant difference in intake of carbohydrate was observed between normal-weight and obese children as well, with normal-weight children consuming more carbohydrate ( Table 2) .
Improvements in the coefficient estimates were found in the analysis after imputation, indicating that imputation procedures were well-adjusted (data not shown).
As such in the univariate multinomial model, the highest quartiles of serum concentrations of vitamin B-12 were associated with a reduced risk of obesity (OR: 0.6; 95% CI: 0.42, 0.89; P < 0.05) (data not shown). The associations remained after adjusting for potential confounding in the multivariate models (OR: 0.48; 95% CI: 0.31, 0.77; P < 0.01) (data not shown). Serum concentrations of folate and vitamin B-12 were also inversely associated with BMI, TrFM, and TBFM in the unadjusted linear regression model ( Table 3 ). In the multivariate models adjusted for potential confounders, serum concentration of folate and vitamin B-12 were inversely associated with BMI and TBFM as shown in Table 3 . No statistically significant associations for RBC folate concentrations with BMI, TrFM, and TBFM were found. Separate analyses performed among girls and boys did not show any significant differences in the associations of concentrations of serum folate and vitamin B-12 and of RBC folate and BMI, TrFM, and TBFM, after adjustment for potential confounders (data not shown).
No significant differences were found in the intake of B vitamins across BMI categories (data not shown). However, by comparing the distribution of intakes of B vitamins by sex, boys were found to consume more niacin and vitamin B-12 than girls (niacin: 19.2 6 0.3 mg vs 18.5 6 0.2 mg; P = 0.02; vitamin B-12: 4.5 6 0.1 mg vs 4.1 6 0.1, P = 0.01). In the linear regression analysis intakes of thiamine, riboflavin, and folate (dietary folate equivalents) were found to be inversely associated with BMI, but the associations were limited after adjusting for potential confounders in both the partially and fully adjusted models (Table 4) . Similarly, thiamine and riboflavin intakes showed significant inverse associations with TrFM and TBFM, in the base model but not after adjusting for confounders. No consistent significant associations were found between vitamin B-6 intakes and adiposity, although a significant direct association was observed with TrFM in the partially adjusted model only. No associations were found between overweight or obese and intakes of B vitamins in the multinomial regression analysis (data not shown).
Discussion
We have found consistent inverse associations between body adiposity measures and both serum concentrations of folate and vitamin B-12 and intakes of thiamine, riboflavin, and folate. These inverse associations provide further support for the hypotheses that lower concentrations of serum folate and vitamin B-12 are associated with higher body adiposity. The findings for intakes, in turn, suggest that some B vitamins may play a role in adipogenesis through their important roles in energy homeostasis, thermoregulation, and bio-energy metabolism (7, 8, 23) . These results, if further confirmed, could have important implications for the development of interventions that more effectively reduce childhood and adolescent obesity in populations such as Mexican American children who may be at a greater risk of obesity.
Previous studies among children and adolescents have also reported similar findings. BMI was found to be inversely correlated with serum concentrations of folic acid in a study by Gallistl 1 Values are means 6 SEs derived from unweighted sample sizes (n = 1154). Analyses were conducted with the use of original data (with missing values). *Significantly different from males, P , 0.05; **Significantly different from normal weight, P , 0.05. 2 Means were compared by regression analysis with sample weights; energy-adjusted nutrient intakes were log-transformed; male was the reference group. 3 Means were compared by regression analysis with sample weights; energy-adjusted nutrient intakes were log-transformed; normal weight was the reference group. 4 Male, n = 490; female, n = 547; normal, n = 599; overweight, n = 203; obese, n = 222. 5 Male, n = 508; female, n = 577; normal, n = 622; overweight, n = 209; obese, n = 240. Nutrient intakes were energy-adjusted.
between overweight and nonoverweight adolescents in a casecontrol study by Brasileiro et al. (24) . Our findings of no significant association between RBC folate concentrations and adiposity are consistent with associations between greater BMI in adult women and normal or elevated RBC folate concentrations (25) . Differences in associations of BMI with serum and RBC folate may reflect obesityÕs effect on the redistribution of folate from circulation into tissue (26) . We found that intakes of riboflavin, folate, and thiamine were inversely associated with BMI in unadjusted and adjusted models as were intakes of thiamine and riboflavin with TrFM. Few comparable studies have investigated associations between intake of B vitamins, vitamin B status, and body adiposity among children. One published study among children reported significant lower intakes of niacin in overweight boys than in nonoverweight boys (6) . Long-term use of supplements of vitamins B-6 and B-12 was found to be significantly associated with lower levels of weight gain among overweight or obese men and women (27) . These studies, when taken together with the findings of B vitamin status and obesity, strengthen the argument that the B vitamins may play a role in adipogenesis.
A number of possible mechanisms may underlie our findings of association between the B vitamins and adiposity. B vitamins generally are required for metabolism of fats and carbohydrates and for improving lipid and lipoprotein metabolism (28, 29) . Oral supplementation with folic acid has also been reported to increase the expression and activity of b-adrenoceptor-protein receptors which are associated with increased tissue lipolysis and reduced obesity and metabolic disorders in rodents and humans (12, 30) . Vitamin B-6 has also been shown to regulate the expression of PPARg target genes that regulate adipogenesis (31) . In addition, the B vitamins have important roles in maintaining mitochondria involved in energy metabolism (8) . Hino et al. (32) have reported that the cofactor flavin adenine dinucleotide that includes riboflavin as a central component epigenetically regulates energy-expenditure adipocyte genes.
However, the associations we have found may have resulted from the inflammatory state found among obese individuals which induces changes in B vitamin physiology (10, 11) . Obesity can induce systemic oxidative stress (33) , which may contribute to the dysregulation of adipocytokines and systemic inflammation and subsequently reduced serum concentrations of vitamin B-6 (34, 35) . Friso et al. (11) , for example, found that low circulating pyridoxal 5##-phosphate (PLP), the active form of vitamin B-6, was associated with elevated CRP, an inflammatory marker. Inverse associations between PLP or dietary intake of vitamin B-6 and coronary heart disease have also been found (36, 37) . These findings suggest that reduced PLP concentrations in obesity and coronary heart disease result from vitamin B-6 use when an underlying inflammatory process is present.
Our study has a number of limitations. Because of the crosssectional design of NHANES, the analyses of the relation between body adiposity and serum concentrations and of intake of B vitamins cannot presume causality. It is difficult to determine whether increased fat mass alters vitamin B status or that preexisting vitamin B-deficient diets increase adiposity. The inverse associations found between intake of B vitamins and adiposity in our study support the role of B vitamins in adipogenesis. Such conclusions are complicated because body adiposity in growing children is influenced by many factors. This is especially the case in countries with inequalities passing through the nutrition transition whereby poor people are becoming overweight because of their consumption of affordable yet highly caloric meals (38) . Although some confounding factors such as socioeconomic status and sedentary lifestyle were included in the analysis, they may not capture this complexity.
The lack of data on puberty by using such measures as the Tanner stages is another limitation of the study. Pubertal development plays an important role in the maturation of body tissues, including the amount and distribution of adipose tissue, and increases in bone mass and fat-free mass (39) . During puberty, boys accrue fat-free mass at a much greater rate than girls, whereas girls have a much greater increase in percentage of body fat (40) . The multivariate models were adjusted for age and sex to control for the possible confounding factors of pubertal stage.
There was also potential limitation for dietary data collected from children in NHANES. Dietary intakes were collected directly from older children, whereas younger childrenÕs intakes were based on parent/guardian reports. These differences may lead to underreporting and/or overreporting because children have limited knowledge of food, whereas mothers may not accurately recall actual foods eaten and portion sizes consumed by their children (41, 42) . Underreporting of energy intake is common among overweight and obese adolescents (14) . Another limitation of our study was that nutrient intakes derived in the NHANES 2001-2004 survey rounds were estimated from 2 different dietary assessment methods, and so calculating average intakes from the combined data may not be a satisfactory approach. In addition, no estimates of intakes from dietary supplements were reported, although the multivariate models did adjust for supplement use. Finally, the use of MI methods to create dietary data sets must consider how the validity of results depends on the validity of the assumptions about the missing data (43) . The strengths of this study are its national representativeness and large sample size. Selection bias would be minimal, given the 86-89% response rates among Mexican American children aged 6-15 y who were screened in the NHANES 2001-2004. Therefore, the results of this study are generalizable to the Mexican American children in this age range. It is not possible, however, to conclude whether these results are generalizable to the overall U.S. population.
Our findings of inverse associations between adiposity and both low concentrations of vitamin B-12 and folate and low intakes of thiamin and riboflavin suggest vitamin B status may play a role in reducing adiposity and fat mass among children. The study limitations highlight the importance of controlled trials and longitudinal studies to elucidate this relation, including studies that use more rigorous techniques to measure body composition and to control as much as possible for potential confounders. 1 Values are coefficient regression bs (95% CIs); n = 1131 for BMI and n = 1121 for TFM and TBFM. *Significantly different, P , 0.05. DFE, dietary folate equivalent; TBFM, total body fat mass; TFM, trunk fat mass. 2 Intakes of B vitamins were energy-adjusted and were log-transformed before inclusion in the models. The analyses results were interpreted as a 1% increase in the B vitamin intake variable increasing (or decreasing) the adiposity variable by (coefficient regression divided by 100) units. 3 Energy-adjusted for nutrient intakes (log-transformed) and total calorie intakes (log-transformed). 4 Model 1 + age + sex. 5 Model 2 + nondietary predictors (serum C-reactive protein, sedentary activities, supplement use). For TFM, model 3 was also adjusted for TBFM. 6 Final model was adjusted for intakes of vitamin A, vitamin C, riboflavin, niacin, vitamin B-12, and folate. 7 Final model was adjusted for intakes of vitamin A, vitamin C, vitamin B-1, niacin, vitamin B-12, and folate. 8 Final model was adjusted for intakes of vitamin A, vitamin C, vitamin B-1, riboflavin, niacin, vitamin B-12, and folate. 9 Final model was adjusted for intakes of protein, vitamin A, total folate, selenium, iron, vitamin B-1, niacin, calcium, phosphorus, and potassium. 10 Final model was adjusted for intakes of vitamin A, vitamin C, riboflavin, niacin, and vitamin B-12. The dietary folate data in the NHANES nutrient database are reported as total folate intake (food folate + folic acid from fortification) in DFE, which takes the higher bioavailability of folic acid than food folate into account (1 DFE = 1 mg of food folate = 0.6 mg of folic acid from fortified food).
